Abstract Amnonium ion is effectively removed by Reverse Osmosis membranes (Brackish water, BW; Saline water, SW). The removal efficiency of ammonium ion from a solution containing ammonium ion which is not complexed is varying in the range of 5-60%. On the contrary, ammonium ion forms complexes with other ions in water and wastewater removal efficiency was as high as 99% for the synthetic solution which contained a complex of iron and ammonium ion. Elmali reservoir which is one of the water sources of the Istanbul city is suffering from high ammonia content due to discharges of untreated wastewater. Application of the BW membrane to Elmali Reservoir water resulted in ammonia removal efficiency of about 95%. The permeate ammonia concentration of 0.2 mg/l was achieved. High removal ratio of ammonia ions in complex form is due to increased molecular diameters of the ammonium ion complexes. Increased pH values were observed in parallel to increase the ammonium ion concentrations when ammonium ion was not in complex form. Ammonium ion removal efficiency decreased with increasing pH. On the other hand, when the concentration of ammonium ion complexed with iron was increased, pH value was decreased. In parallel to the decreasing pH, an increase of removal efficiency was observed. Membrane types did not significantly affect the flux. No fouling problems were observed during the test runs and thus fluxes were practically constant throughout the experimental run. The total estimated cost of treatment will be in the range of $0.95 to $1.06/m 3 for the investigated drinking water source.
Introduction
Nitrogen compounds cause several environmental problems. Eutrophication in surface waters, toxic effects on fish, reduced disinfection efficiency, increased dissolved oxygen consumption and blue baby problems are among the potential effects of nitrogen in water. Therefore, the control of nitrogen in effluents is needed.
In order to remove ammonium nitrogen biological and physico-chemica processes are applied. These are nitrification/denitrification, break point chlorination, ion-exchange, air stripping, etc. Membrane processes are gaining wider application in removal of nitrogen compounds from water and wastewater. The efficiency of reverse osmosis (RO) systems in removal of ammonium, organic and nitrite nitrogen is varying in the range of 60-90%. While all of the ions are removed at high efficiencies by RO, other methods are usually effective only in removal of one form of the nitrogen (Metcalf & Eddy, 199) . Several researches have been conducted for an application of RO to remove nitrogenous compounds. Cellulose Acetate RO membranes were applied to remove ammonium and nitrate ions in the mining industry (Malaiyandi et al., 1981) . The removal efficiency of these ions did not exceed 30%. Hollow fibre (B-9) polyamid RO membranes were applied for removal of ammonium and nitrate and 80-85% removal efficiencies were reached respectively for ammonium and nitrate at neutral pH values (Permasep, 1972) . The experiments carried out by Awaldalla have resulted in more than 90% ammonia removal in complex form, 10-30% removal of pure ammonia and 90% removal from the wastewaters (Awadella et al., 1994) .
The advantages of the membrane processes are: design in modular forms, smaller area requirements, no need for chemical additives, few temperature effects, continuous and automatic operation. In addition brine with high nitrogen concentration is a useful byproduct as fertilizer. Elmali reservoir which is one of the oldest water sources of Istanbul city is under the threat of sewage pollution due to discharges of untreated domestic wastewater. Therefore, the ammonia levels of the raw water increased to the levels of 3-4 mg/l. Currently, break point chlorination is applied to control ammonia in drinking water which yields high levels of chloramines in water. Membrane processes are among the options to control high ammonia levels. Thus, the aim of this study was to evaluate the effectiveness of the brackish water (BW) and saline water (SW) membranes in removal of ammonia from synthetic feed water and from Elmali raw water.
Materials and methods
The experiments were conducted using ferro ammonium sulphate (Fe.(NH 4 Experiments were conducted using Aquaset 9712 pilot plant membrane filtration equipment. This system operates over the pressure range of 1-70 bar and contains a spiral wound module which houses membranes with 2 m 2 total membrane area. A heat exchange permitted all filtration experiments to be controlled at 25-27 °C. Two different types of membranes were used in the experiments as BW and SW membranes. Technical characteristics of the membranes used in laboratory scale pilot plant are given in Table 2 . The applied pressures were 25 bar for BW membrane and 55 bar for the SW membrane. Since the pilot membrane system was operated at a totally closed cycle mode for both RO experiments, the concentrate and permeate flows were recycled to the feed tank. For a series of experiments, raw water was pumped from a 60 l feed tank into the spiral wound module. The flow diagram of the pilot plant is shown in Figure 1 . Feed and permeate samples were analyzed to determine the ammonia removal efficiency. pH and ammonia were measured with an ion analyzer (Orion SA 720). AGB-10001 Laboratory Data Logging type was used to measure temperature, conductivity and TDS. The process performance was evaluated by automatically measuring the permeate flow, the pressure at the inlet and outlet of the module during each run.
Results and discussion
The form of ammonia in waters depends on the pH of the solutions. In acidic and neutral pH solutions, ammonia probably exists in the form of ammonia. Separation of ammonium complexes by membranes is more efficient than the separation of uncomplexed ammonium hydroxide. Therefore, two feeds of synthetic solutions were prepared, feed A containing ammonia in a complex form and feed B containing only ammonium hydroxide solution.
Removal of ammonia from synthetic feed A Ammonium ion removal efficiencies were obtained for ammonium ion in the feed A by BWRO and SWRO membranes. Different ammonium ion concentrations were prepared for feed A; as 1 mg/l, 10 mg/l and 30 mg/l for BWRO membrane and 1 mg/l, 8.5 mg/l, 40 mg/l and 100 mg/l for SWRO membrane. There was a slight change of feed water concentration due to the recycle of permeate and concentrate and sampling. High removal efficiencies of the ammonium ion in complex form were achieved by both types of membranes. Removal efficiencies were practically constant during the test runs. Removal efficiencies were about 98%, 96% and 83% for BWRO membrane at the 1 mg/l, 10 mg/l and 30 mg/l ammonium ion concentrations and 99%, 99%, 97% and 90% for SWRO membrane at the 1 mg/l, 8.5 mg/l, 40 mg/l and 100 mg/l ammonium ion concentrations, respectively, as seen in Figures 2 and 3 . Removal efficiencies by SWRO membranes were slightly higher. Awadalla et al. (1994) have reported ammonia ion removal of 97.4% for RO membranes, supporting the findings of this study. In acidic and neutral pH values, ammonium ion removal efficiency is higher than the alkaline conditions. Little increase of pH values of permeate was observed. The pH values of the feed water decreased with increasing ammonium concentration. As can be seen from Figure 6 , the removal efficiencies increased in parallel to decrease in pH values. No significant difference of fluxes was observed for the two different types of membranes. During the runs, mean flux was about 60 l/m 2 .h for BWRO membrane and 55 l/m 2 .h for SWRO membrane (see Figures 4 and 5) . Successive batch runs demonstrated that serious membrane fouling appeared not to be a problem with feed A.
Removal of ammonia from synthetic feed B
The same experimental procedure was applied to the synthetic feed B containing distilled water and ammonium ion. The results are presented collectively in Figures 7, 8, 9 and 10 for BWRO and SWRO membranes respectively. All of the runs were performed in the alkaline region. pH values were between 9.5 and 10.5. Different ammonium ion concentrations were also prepared as 1 mg/l, 80 mg/l, 150 mg/l and 186 mg/l for BWRO membrane and 2 mg/l, 10 mg/l and 90 mg/l for SWRO membrane. Ammonium removal efficiencies were about 10-20% for BWRO membrane and 30-40% for SWRO membrane (Figures 7 and 8) . Awadalla et al. (1994) found that the percent separation for ammonia was in the range of 10-30% when the same procedure was repeated for the feed solution containing only dissolved NH 3 in water (NH 4 OH solution). This indicated that most of the NH 4 OH solution passed through the RO membranes since the size of NH 4 OH was small (about double that of water).
There was no significant difference in flux values of the membranes used. During the runs, mean flux value was about 70 l/m 2 .h for BWRO membrane and 57 l/m 2 .h for SWRO membrane (see Figures 9 and 10 ). Successive batch runs indicated that membrane fouling appeared not to be a problem with feed B. 
Ammonia removal from Elmali Reservoir water
Lake water has neutral pH with relatively high organic matter content. Raw water samples were taken from the inlet of the Elmali Water Treatment plant. Lake water samples were treated by applying BWRO and SWRO membranes without any pretreatment.
The results are presented in Figures 11 and 12 . Ammonia removal was about 95 and 60 per cent by BWRO and SWRO membranes, respectively. While ammonia ion in complex form was removed effectively by BWRO under 25 bar pressure, removal efficiency decreased with SWRO membranes under 55 bar pressure presumably due to smashing of the complex form. Permeate ammonia levels lower than 0.2 mg/l were achieved with BWRO membranes.
Membrane fluxes are given in Figures 13 and 14 . A flux of 90 l/m 2 .h was obtained with SW membrane. The corresponding value for BW membrane was 62.5 l/ 2 .h (see Figures 13  and 14) . No fouling and no reduction in flux was observed during the experimental runs. Excellent conductivity rejections were obtained. Conductivity rejections were 96% for BWRO membrane and 50% for SWRO membrane. The influent conductivity was about 700 µS/cm. Conductivity value decreased to 40 µS/cm for BWRO membrane and 350 µS/cm for SWRO membrane after membrane treatment. It is obvious that high quality permeate was achieved with BWRO membrane.
Comparison of membrane filtration with conventional treatment
Currently, membrane filtration is not applied for the treatment of surface waters in Turkey. In the case presented here a cost comparison of conventional treatment and membrane technology nearly give the same capital and operational costs. However, there are differences in the break down of the cost figures (Table 3) . Building and construction work is more sophisticated for direct filtration because of the number of basins required, whereas for membrane filtration, equipment (pumps, membrane modules etc.) is more expensive. During operation, membrane filtration requires minimal operator attention because the facility can operate unattended even during strong fluctuations of turbidity in raw water. Direct filtration requires adjustment of operating conditions with changing turbidity and therefore has a higher percentage for maintenance and monitoring of the total operating costs. Energy consumption and chemical demand do not show much difference. Membrane replacement is another important part of the total operating costs for membrane filtration. The main advantages of membrane filtration over conventional treatment by direct filtration are constant water quality independent of water quality with respect to particulate matter and the ability of the membrane system to satisfy more stringent water quality requirements expected in the future (Lipp et al., 1997) . The capital cost of the system will be approximately $500 US/m 2 membrane area. Membrane cost usually represents about 20-30% of the total capital cost. It can be expected that treatment of waters in neutral pH containing negligible amounts of heavy metals will not require special equipment. Based on a plant capacity of 30000 m 3 /d the operating costs from the literature (Ray, 1992) , for energy, membrane replacement, labor, spare parts, chemicals, filters costs will be $0.12, $0.09, $0.09, $0.03, $0.04 and $0.015/m 3 , respectively. The membrane life in this application is assumed to be 3 years. Assuming an 85% on stream-factor, amortizing the estimated capital cost for a period of 5 and 10 years at an interest rate of 10% leads to capital recovery cost of $0.57 and $0.46/m 3 , respectively. Based on these calculations, the total estimated cost of treatment will be in the range of $0.95 to $1.06/m 3 .
Conclusions and recommendations
Removal efficiency of the ammonium ion in complexed form was higher for both types of membranes reaching the range of 96-99 percent. A slight increase of pH was observed in permeate as compared to the pH value of feed water. Feed water pH decreased with increasing ammonium concentration. An increase of ammonium removal efficiency was observed with decreasing pH. The mean flux was about 60 l/m 2 .h for BRWO membrane and 55 l/m 2 .h for SWRO membrane. The removal efficiency of the ammonium ion that is not in complexed form was lower for both of the membranes varying in the range of 5-60 percent. This indicates that ammonium ions can pass easily BRWO and SWRO membranes. Similar to the removal of complexed ammonium ion, increasing pH reduced the removal ratio. pH of permeate was slightly higher than the feedwater pH. During the runs, the mean flux value was about 70 l/m 2 .h for BWRO membrane and 57 l/m 2 .h for SWRO membrane.
Ammonia ion removal efficiency for Elmali Reservoir water was 95 and 60 percent for BWRO and SWRO membranes respectively. When 55 bar pressure was applied the complex of ammonium ion was broken which resulted in lower removal efficiency. Permeate ammonium ion concentration was less than 0.2 mg/l with BW membrane. Fluxes of 90 l/m 2 .h and 62.5 l/m 2 .h were obtained with SWRO and BWRO membranes, respectively. There was no membrane fouling problem during the test runs and no reduction of flux was apparent. Concentrate which contains high concentrations of ammonium ion may be used as fertilizer supplement. The total estimated cost of treatment will be in the range of $0.95 to $1.06/m 3 for the investigated drinking water source. Membrane treatment cost was comparable to the direct filtration. No operational problems were encountered during the experiments. There is a need for long term studies conducted at the site using a pilot-scale system.
